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CATHODE ACTIVE MATERIAL FOR
LITHIUM SECONDARY BATTERY, METHOD
OF MANUFACTURING THE SAME AND
LITHIUM SECONDARY BATTERY
INCLUDING THE SAMLEL

CROSS-REFERENCE TO RELATED
APPLICATION AND CLAIM OF PRIORITY

[0001] This application claims priority to Korean Patent

Application No. 10-2020-0114091 filed on Sep. 7, 2020 1n
the Korean Intellectual Property Oflice (KIPO), the entire
disclosure of which 1s incorporated by reference herein.

BACKGROUND

1. Field

[0002] The present invention relates to a cathode active
material, a method of manufacturing the same and a lithium
secondary battery including the same. More particularly, the
present invention relates to a lithium composite oxide-based
cathode active material, a method of manufacturing the same
and a lithium secondary battery including the same.

2. Description of the Related Art

[0003] A secondary battery which can be charged and
discharged repeatedly has bear widely employed as a power
source of a mobile electronic device such as a camcorder, a
mobile phone, a laptop computer, etc., according to devel-
opments of information and display technologies. Recently,
a battery pack including the secondary battery 1s developed
and applied to a power source of an eco-friendly vehicle
such as a hybnd car.

[0004] The secondary battery includes, e.g., a lithium
secondary battery, a nickel-cadmium battery, a mickel-hy-
drogen battery, etc. The lithium secondary battery 1s high-
lighted due to high operational voltage and energy density
per unit weight, a high charging rate, a compact dimension,
etc.

[0005] For example, the lithium secondary battery may
include an electrode assembly including a cathode, an anode
and a separation layer (separator), and an electrolyte
immersing the electrode assembly. The lithium secondary
battery may further include an outer case having, e.g., a
pouch shape.

[0006] A lithum composite oxide may be used as an
active material for a cathode of the lithum secondary
battery, and high capacity, power and life-span properties are
required 1n the cathode active material. Thus, the lithium
composite oxide maintaining chemical stability even during
repeated charging/discharging 1s needed.

[0007] However, when the lithium composite oxide 1s
exposed to an atmosphere or 1s 1n contact with an electrolyte,
by-products of lithium or nickel due to a side reaction may
be generated on a surface of a lithum composite oxide
particle. In this case, life-span and operational stability of
the lithium secondary battery may be deteriorated.

[0008] Particularly, n a high nickel lithium composite
oxide, a large amount of lithrum impunities (LL1OH, L1,CO,
etc.) are formed on the particle surface, which may cause
deterioration of a battery performance. When the lithium
impurities are washed with water, a specific surface area of
the cathode active material increases and the side reactions
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with the electrolyte are activated, thereby deteriorating a
stability of a surface structure.

[0009] For example, Korean Published Patent Application
No. 10-2017-0093085 discloses a cathode active material
including a transition metal compound and an 10n adsorption
binder, which may not provide suilicient stability of the
cathode active material.

SUMMARY

[0010] According to an aspect of the present invention,
there 1s provided a cathode active material having improved
stability and electrical property.

[0011] According to an aspect of the present invention,
there 1s provided a method of manufacturing a cathode
active material having improved stability and electrical
property.

[0012] According to an aspect of the present invention,

there 1s provided a lithium secondary battery having
improved stability and electrical property.

[0013] According to exemplary embodiments of the pres-
ent 1nvention, a cathode active material for a lithium sec-
ondary battery includes a lithium composite oxide contain-
ing sodium, and a coating formed on the surface of the
lithium composite oxide, the coating containing sodium and
aluminum Sodium 1s distributed to a depth of 35 nm or more
from a surface of the cathode active matenal.

[0014] In some embodiments, an amount of sodium con-
tamned 1n the coating may be greater than an amount of
sodium contained in the lithium composite oxide.

[0015] In some embodiments, sodium may be distributed
to a depth of 35 nm to 200 nm from the surface of the
cathode active material.

[0016] In some embodiments, the coating may further
contain boron.
[0017] In some embodiments, the coating may include an

aluminum-containing compound 1including at least one of an
aluminum-containing oxide, an aluminum-containing
hydroxide or a lithium-aluminum compound.

[0018] In some embodiments, the aluminum-containing
compound may in include at least one selected from the

group consisting of AlO, Al,O, Al,O,, L1AIO,, LiAlIB,,
L1AIB,O., AI(OH);, L1AIH, and L1AIOH.

[0019] In some embodiments, the coating may further
include a boron-containing oxide.

[0020] In some embodiments, the boron-containing oxide
may include L1BO,, LiB305 or L12B407.

[0021] In some embodiments, the coating may at least
partially cover the surface of the lithtum composite oxide.

[0022] In some embodiments, the coating may be discon-
tinuously formed on the surface of the lithium composite
oxide.

[0023] Insome embodiments, the lithium composite oxide
may include nickel, and a mole fraction of nickel in the
lithium composite oxide may be 0.6 or more among e¢le-
ments other than lithium and oxygen.

-

[0024] Insome embodiments, the lithium composite oxide
may have an average particle diameter (D<) from 3 um to
25 um.

[0025] In some embodiments, the cathode active material

may include aluminum, and aluminum may be distributed to
a depth of 37 nm or more from the surface of the cathode
active material.
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[0026] In some embodiments, aluminum may be distrib-
uted to a depth of 37 nm to 200 nm from the surface of the
cathode active material.

[0027] In a method of manufacturing a cathode active
material for a lithium secondary battery according to exem-
plary embodiments of the present invention, an aqueous
reaction solution containing a sodium-aluminum compound
1s prepared. A lithium composite oxide 1s wet-coated using
the aqueous reaction solution.

[0028] In some embodiments, the sodium-aluminum com-
pound may include sodium-aluminum oxide or sodium-
aluminum hydroxide.

[0029] In some embodiments, 1n the wet-coating, a pre-
liminary cathode active material may be formed by immers-
ing a surface of the lithium composite oxide 1n the aqueous
reaction solution. The preliminary cathode active matenal
may be thermally treated.

[0030] In some embodiments, in the formation of the
preliminary cathode active material, a boron-containing
compound may be added to the aqueous reaction solution.

[0031] In some embodiments, the boron-containing com-
pound may include boric acid.

[0032] In some embodiments, thermally treating the pre-
liminary cathode active material may be performed at a
temperature from 250° C. to 700° C.

[0033] According to exemplary embodiments of the pres-
ent invention, a lithium secondary battery includes a cathode
including the cathode active matenal for a lithium secondary
battery according to embodiments as described above, and
an anode facing the cathode.

[0034] According to exemplary embodiments, the cathode
active maternial for a lithium secondary battery includes an
aluminum-containing coating on a surface of a lithium
composite oxide. The aluminum-containing coating may
have a sodium content greater than that in the lithium
composite oxide. The aluminum-containing coating includes
a large amount of aluminum, and a phase change 1n a surface
structure of the cathode active material may be suppressed
by alumimum having a fixed oxidation number. Further,
aluminum may react with fluoride 1ons in an electrolyte to
form an aluminum fluoride (AlF,) coating, 1n this case, the
surface structure of the cathode active material may be
highly stabilized, and side reactions may be prevented.

[0035] For example, sodium contained in the lithium
composite oxide may be distributed from the surface of the
lithium composite oxide beyond a specific depth or more. In
this case, a thermal stability of a secondary battery including
the cathode active matenal that contains the lithium com-
posite oxide may be further improved.

[0036] In some embodiments, boron may be contained 1n
the coating, and boron may smoothly coat a surface of the
cathode active material to reduce a specific surface area. In
this case, side reactions with the electrolyte may be sup-
pressed.

[0037] Accordingly, life-span and high temperature stabil-
ity of the cathode active material and the secondary battery
may be improved.

[0038] Additionally, a uniform coating may be effectively
tormed through a stmplified wet coating process under a low
temperature condition.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0039] FIG. 1 1s a schematic cross-sectional view 1illus-
trating a lithium secondary battery in accordance with
exemplary embodiments exemplary embodiments.

[0040] FIG. 2 1s a scanning electron microscopy (SEM)
image of a surface of a cathode active material of a lithium
secondary battery in accordance with exemplary embodi-
ments.

[0041] FIG. 3 15 a graph showing an elution amount of Na
according to an etching time of cathode active material
according to Example and Comparative Examples

[0042] FIGS. 4 and 5 are graphs showing Na and Al

contents according to an XPS etch depth of cathode active
materals according to Example and Comparative Examples.

[0043] FIG. 6 1s a graph showing cycle properties of
lithium secondary batteries according to Example and Com-
parative Examples.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

[0044] According to exemplary embodiments of the pres-
ent invention, there 1s provided a cathode active material that
includes a coating containing aluminum and sodium formed
on a surface of a lithium composite oxide containing
sodium. Further, a method of manufacturing the cathode
active material 1s also provided.

[0045] According to exemplary embodiments of the pres-
ent mvention, a lithtum secondary battery including the
cathode active material 1s provided.

[0046] Hereinatter, the present invention will be described
in detail with reference to the accompanying drawings.
However, those skilled 1n the art will appreciate that such
embodiments described with reference to the accompanying
drawings are provided to further understand the spirit of the
present mvention and do not limit subject matters to be
protected as disclosed 1n the detailed description and
appended claims.

[0047] FIG. 1 1s a schematic cross-sectional view 1llus-
trating a lithium secondary battery in accordance with
exemplary embodiments exemplary embodiments.

[0048] Referring to FIG. 1, the lithium secondary battery
may 1nclude a cathode 130, an anode 140 and a separation

layer 150 interposed between the cathode and the anode.

[0049] The cathode 130 may include a cathode current
collector 110 and a cathode active matenal layer 115 formed

by coating a cathode active material on the cathode current
collector 110.

[0050] The cathode active material may include a lithium
composite oxide and a lithrum-aluminum-boron oxide
formed on a surface of the lithium composite oxide.

[0051] The lithium composite oxide may include an oxide
including lithium and other elements such as transition
metals.

[0052] In exemplary embodiments, the lithium composite
oxide may include nickel. Nickel may be included 1n an
excess amount among elements except for lithhum and
oxygen of the lithium composite oxide.

[0053] As used herein, the term ‘excess’ indicates the
largest mole fraction or content.

[0054] Nickel may serve as a metal related to a capacity of
a lithum secondary battery. In exemplary embodiments,
nickel may be included 1n the excess amount among the
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clements except for lithhum and oxygen to improve the
capacity of the secondary battery.

[0055] In exemplary embodiments, a mole fraction or a
molar ratio of nickel among the elements except for lithium
and oxygen of the lithium composite oxide may be about 0.6
Or more.

[0056] In exemplary embodiments, the lithium composite
oxide may be represented by Chemical Formula 1 below.

Li Ni,M, 05

[0057] In Chemical Formula 1, M 1s at least one selected
from the group consisting of Co, Mn, 11, Zr, Al and B, and
0.7=a=1.1, -0.1=3=0.5, 0.6=y=0.95, 0.95<y+z=1.1.

[0058] For example, as the content of nickel increases, the
capacity and power of the lithium secondary battery may be
improved. However, 11 the content of nickel 1s excessively
increased, a life-span of the battery may decrease and
mechanical and electrical stability may be degraded. For
example, when the content of mickel 1s excessively
increased, defects such as 1gnition and short circuit may not
be sufliciently suppressed when a penetration by an external
object occurs. Thus, according to exemplary embodiments,
chemical and mechanical instability caused by nickel may
be compensated by distributing manganese (Mn) throughout
a particle.

[0059] Manganese (Mn) may serve as a metal related to
mechanical and electrical stability of a lithium secondary
battery. For example, manganese may suppress or reduce
defects such as 1gnition and short circuit occurring when the
cathode 1s penetrated by the external object to increase the
life-span of the lithium secondary battery. Further, cobalt
(Co) may serve as a metal related to a conductivity and a
resistance of the lithtum secondary battery.

[0060] Ifamole fraction of nickel 1s less than 0.6, capacity
and power of the battery may be excessively degraded. If the
mole fraction of nickel exceeds 0.95, life-span and mechani-
cal stability of the battery may be degraded

[0061] In some embodiments, in Chemical Formula 1, M_
may be Co_Mn,M'c, M' may be at least one element selected
from the group consisting of 11, Zr, Al and B, and 0.05=a.<0.
2, 0.03<b=0.2, 0.95<y+a+b+c=1.1. In this case, the com-
pound represented by Chemical Formula 1 may be an NCM
active material containing nickel, cobalt and manganese as
main components, and may provide balanced properties in
the power, capacity, life-span and stability.

[0062] Preferably, in Chemical Formula 1, 0.8<y=0.88,
0.09=a=0.1, and 0.03<b=<0.1 may be adjusted. In this case,
the capacity may be improved while maintaining the stabil-
ity of the secondary battery.

[0063] In some embodiments, the lithium composite oxide
may have a secondary particle structure formed by aggre-
gation ol primary particles (e.g., a grain of the compound of
Chemical Formula 1). An average particle diameter (D) of
the lithium composite oxide may be from about 6 um to
about 25 um, preferably from about 10 um to 16 um.

[0064] The lithium composite oxide may contain sodium.
Sodium contained 1n the lithium composite oxide may be
derived from, e.g., sodium hydroxide provided as a pH
adjusting agent or a precipitating agent used when forming
the Iithium composite oxide by a co-precipitation reaction.
Sodium may be present between the primary particles of the
lithium composite oxide.

[0065] For example, nickel components exposed on the
surface of the lithium composite oxide may react with air or

[Chemical Formula 1]
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moisture to generate by-products. Further, nickel ions
exposed to the surface may react with an electrolyte to cause
a phase transition in a surface portion of the particle, and
may transform a crystal structure.

[0066] In exemplary embodiments, a coating may be
formed on the surface of the lithium composite oxide. The
coating may contain sodium and aluminum.

[0067] For example, an oxidation number of Al 1s +3, and
an 1onic radius of Al may be similar to those of Ni Co, and
Mn. Thus, a substitution with trivalent N1, Co and Mn may
be easily mnduced to be doped 1n a surface region of the
lithium composite oxide.

[0068] Al has a fixed oxidation number of +3 to prevent a
structural collapse due to a change in the oxidation number
of the transition metal present on the surface of the lithium
composite oxide during storage and use of the secondary
battery. Further, Al may react with fluorine in the electrolyte
of the secondary battery to form an AlF, coaling. The AlF,
coating may remarkably stabilize a surface structure of the
cathode active material. Accordingly, life-span and high
temperature stability of the secondary battery may be
improved.

[0069] In exemplary embodiments, the coating may
include an aluminum-containing compound. The aluminum-
containing compound may 1nclude an aluminum-containing
oxide, an aluminum-containing hydroxide and/or a lithium-
aluminum compound.

[0070] The aluminum-containing compound may include
at least one selected from the group consisting of AlO, Al,O,
Al,O;, L1AlO,, L1AlIB,, L1AIB,O., AI(OH),, LiAlH,, and
L1AIOH.

[0071] The aluminum-contaiming compound may be mea-
sured through ToF-SIMS, and may include a complete
compound or a fragment of the compound.

[0072] An amount of sodium contained in the coating may
be greater than an amount of sodium contained 1n the lithtum
composite oxide. For example, most of aluminum and
sodium provided together as a coating source may be fixed
to the surface of the lithium composite oxide particle and
may not penetrate and diffuse into the lithium composite
oxide particle. In this case, a large amount of aluminum may
be present on the surface, so that stability of the lithium
composite oxide may be improved.

[0073] In exemplary embodiments, the coating may fur-
ther include boron. For example, a boron component may
provide a smooth surface of the lithium composite oxide
particle. The boron component may provide a substantially
smooth surface by filling protrusions existing on the surface
of the lithium composite oxide. In this case, a specific
surface area of the cathode active material may be reduced,
so that the side reaction with the electrolyte may be sup-
pressed. Accordingly, life-span and storage properties of the
cathode active material may be improved.

[0074] In exemplary embodiments, the coating may
include a boron-containing oxide. For example, the boron-
containing oxide may include [1BO,, LiB;O. and/or
L1,B,0,.

[0075] In some embodiments, the coating may at least
partially cover the surface of the lithium composite oxide.
For example, the coating may include particles or aggregates
spaced apart from each other, and may discontinuously
cover the surface of the lithium composite oxide. In some
embodiments, the coating may completely cover the surface
of the lithium composite oxide.
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[0076] In some embodiments, aluminum and/or boron
may be inserted and doped to a predetermined depth of the
surface from the lithium composite oxide by the coating.
[0077] In an exemplary embodiment, a thickness of the
coating may be defined as a region 1n which both sodium and
aluminum are present from the surface of the cathode active
material to a predetermined depth. For example, boron may
be further included in the coating region in addition to
sodium and aluminum.

[0078] For example, the thickness of the coating may be
about from 50 nm to 500 nm. In the thickness range, lithium
transier ability may be maintained while the surface struc-
ture of the cathode active material may be protected.
[0079] In some embodiments, the cathode active material
may 1nclude sodium, and sodium included in the cathode
active material may be distributed to a depth of about 35 nm
or more from the surface of the cathode active matenal.
[0080] For example, a distribution depth of sodium may
be measured using atomic % of sodium according to an XPS
etching depth through an X-ray photoelectron spectrometer
(XPS) surface analysis. For example, the XPS surface
analysis conditions may be adjusted as follows.

[0081] 1) X-ray type: Source—Al Ka, Beam size 650 um

[0082] 2) Depth profile conditions: Etch cycle 10 s, Total
etch levels 51 times

[0083] 3) AlZp, Nals spectrum analysis conditions at
depth
[0084]

Dwell time: 200 ms, Scan count: 30 times
[0083] Pass energy: 200 eV, energy step: 0.1 eV
[0086] Sodium included i the cathode active material
may be defined to be distributed from the surface of the
lithium composite oxide to a maximum depth in which the
atomic % of sodium measured through the XPS exceeds 0%.
[0087] For example, within the above range of the distri-
bution depth of sodium included in the cathode active
material, thermal stability may be further improved by
sodium distributed deeply 1n the cathode active material.
[0088] For example, the distribution depth of sodium
included 1n the cathode active material may be controlled by
an aluminum-containing compound and/or a boron-contain-
ing oxide to be described later. For example, sodium con-
tained 1n the cathode active material may more easily
penetrate 1nto the cathode active material by the aluminum-
contaiming compound and/or the boron-containing oxide.
Accordingly, sodium included 1n the cathode active material
may be more easily distributed from the surface of the
cathode active matenal to the depth of about 35 nm or more.
[0089] Forexample, sodium included in the cathode active
material may be distributed to a depth of about 37 nm or
more from the surface of the cathode active matenial. Pret-
erably, sodium contained 1n the positive active material may
be distributed to a depth of about 40 nm or more from the
surface of the positive active matenal.
[0090] Forexample, sodium included in the cathode active
material may be distributed to a depth of about 200 nm or
less from the surface of the cathode active material. Pret-
erably, sodium included 1n the cathode active material may
be distributed to a depth of about 140 nm or less from the
surface of the cathode active material. More preferably,
sodium included in the cathode active material may be
distributed to a depth of about 80 nm or less from the surface
of the cathode active material.
[0091] For example, 1f sodium 1s distributed from the
surface of the cathode active material beyond the above
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depth range, a space i which lithium may move in the
cathode active material may be decreased to degrade elec-
trical properties of the cathode active matenal.

[0092] In some embodiments, the cathode active material
may include aluminum, and aluminum included in the
cathode active material may be distributed to a depth of
about 37 nm or more from the surface of the cathode active
material. For example, 11 aluminum 1s distributed from the
surface of the cathode active matenial in the above depth
range, life-span and electrical properties of the secondary
battery including the cathode active material may be further
improved.

[0093] For example, aluminum included in the cathode
active material may be distributed to a depth of about 38 nm
or more from the surface of the cathode active matenal.
More preferably, aluminum included 1n the cathode active
material may be distributed to a depth of about 40 nm or
more from the surface of the cathode active material.
[0094] For example, aluminum included in the cathode
active material may be distributed to a depth of about 200
nm or less from the surface of the cathode active matenial.
Preferably, aluminum included in the cathode active mate-
rial may be distributed to a depth of about 125 nm or less
from the surface of the cathode active material. More
preferably, aluminum included in the cathode active material
may be distributed to about 50 nm or less from the surface
ol the cathode active material.

[0095] For example, if aluminum 1s distributed to a depth
of about 200 nm or less from the surface of the cathode
active matenal, sodium may be more deeply distributed
from the surface of the cathode active maternial by aluminum.
Further, thermal stability of the surface of the cathode active
material may be improved by aluminum, and a surface side
reaction with an electrolyte solution, etc., may be prevented.
[0096] Hereinatter, a method of manufacturing the cath-
ode active material according to the above-described
embodiments of the present immvention will be described
below.

[0097] According to exemplary embodiments, an aqueous
reaction solution including a sodium (Na)-aluminum (Al)
compound may be prepared. The sodium-aluminum com-
pound may refer to a compound including both sodium and
aluminum. The aqueous reaction solution may be provided
as a wet coating solution of a lithium composite oxide.
[0098] For example, the sodium-aluminum compound
may include a sodium-aluminum oxide or a sodium-alumi-
num hydroxide. The sodium-aluminum oxide may be water-
soluble. The sodium-aluminum oxide may be easily dis-
solved 1n water at neutral condition (pH from about 6 to 8).
[0099] The sodium-aluminum compound may be
adsorbed on the surface of the lithium composite oxide in an
aqueous solution and then dried to form a coating matenal.
In this case, a large amount of aluminum and sodium may be
contained in the coating material, and an amount of sodium
contained 1n the coating material may be greater than an
amount of sodium contained 1n the lithium composite oxide.

[0100] The water-soluble sodium-aluminum oxide may
include at least one of NaAlO,, Na,Al,O,, Na.AlO,,

Na-Al O, Na,,Al30, and NaAl,,O,-.

[0101] The water-soluble sodium-aluminum hydroxide
may include NaAl(OH),.

[0102] In some embodiments, an aluminum content 1n the
sodium-aluminum compound may be from 0.01 wt % to 1
wt % based on a weight of the lithum composite oxide
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Preferably, the aluminum content 1n the sodium-aluminum
compound may be from 0.1 wt % to 1 wt %.

[0103] The lithium composite oxide may be wet-coated
using the aqueous reaction solution.

[0104] The lithium composite oxide may be prepared by a
method as will be described below.

[0105] In exemplary embodiments, active material metal
salts may be prepared. The active material metal salts may
include, e.g., a nickel salt, a manganese salt and a cobalt salt.
Examples of the nickel salt may include nickel sulfate,
nickel hydroxide, nickel nitrate, nickel acetate and a hydrate
thereot. Examples of the manganese salt may include man-
ganese sulfate, manganese acetate and a hydrate thereof.
Examples of the cobalt salt may include cobalt sulfate,
cobalt nitrate, cobalt carbonate and a hydrate thereof.
[0106] An aqueous solution may be prepared by mixing
the active material metal salts together with a precipitating
agent and/or a chelating agent at a ratio satisiying the
content or concentration ratio of each metal described with
reference to Chemical Formula 1 above. The aqueous solu-
tion may be co-precipitated 1n a reactor to prepare a complex
metal salt compound (e.g., an NCM precursor).

[0107] The precipitating agent may include an alkaline
compound such as sodium hydroxide (NaOH), sodium car-
bonate (Na,(CQO,), or the like. In this case, a sodium com-
ponent of the precipitating agent may be contained in the
lithium composite oxide.

[0108] The chelating agent may include, e.g., aqueous
ammomia (e.g., NH,OH), ammonium carbonate (e.g.,
NH,HCO,), or the like.

[0109] Thereafter, a lithium salt compound may be mixed
with the composite metal salt compound and reacted through
a co-precipitation method to prepare a lithium complex. The
lithium salt compound may include, e.g., lithium carbonate,
lithium nitrate, lithium acetate, lithium oxide, lithium
hydroxide, or the like. These may be used alone or in
combination thereof.

[0110] The Iithhtum complex may be treated by a first firing
to form a lithium composite oxide. The first firing may be
performed, e.g., at a temperature from 450° C. to 650° C. in
an oxygen-containing atmosphere.

[0111] The lithium composite oxide may be added to the
aqueous reaction solution. A preliminary cathode active
material may be obtained by stirring the lithtum composite
oxide 1n the aqueous reaction solution for a predetermined
time and then filtering. The sodium-aluminum compound
may be adsorbed on the surface of the preliminary cathode
active matenal.

[0112] For example, lithium nickel oxide exposed on the
surface of lithium composite oxide particles may react with
air or moisture during the production and use of the cathode
active material, and may be decomposed to generate by-
products such as lithium hydroxide (LL1OH), lithium carbon-
ate (L1,CO,), nickel oxide (N1O), etc. Further, nickel 10ns
exposed to the surface may react with the electrolyte to
cause a phase transition 1n a surface layer portion of a
particle, and may transform a crystal structure.

[0113] In exemplary embodiments, the water-based reac-
tion solution may be used to a coating by a wet process to
remove the by-products from the surface of the lithium
composite oxide particle without an additional washing
process. Additionally, washing and coating may be simul-
taneously performed to prevent an increase ol a specific
surface area caused by a washing process.
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[0114] The preliminary cathode active material may be
thermally treated to form the coating on the surface of the
lithium composite oxide.

[0115] The coating may be continuously or discontinu-
ously (e.g., as pattern shapes spaced apart from each other)
formed on the surface of the lithum composite oxide
depending on an amount of the used sodium-aluminum
compound. The coating may at least partially cover the
surface of the lithium composite oxide.

[0116] The thermal treatment may be performed at a
temperature from 250° C. to 700° C. Within the temperature
range, a uniform coating may be formed, the coating mate-
rial may be stabilized, and the coating and the lithium
composite oxide may be strongly bonded.

[0117] For example, the thermal treatment may be per-
formed at a relatively low temperature from 250° C. to 400°
C. In this case, a coating umiformity of the coating material
may be improved. Additionally, excessively deep diflusion
of sodium or aluminum from the surface of the positive
clectrode active material may be prevented due to the
relatively low temperature. Accordingly, deterioration of
clectrical properties due to sodium or aluminum being
distributed from the surface of the cathode active material to
an excessively deep region may be eflectively prevented.

[0118] In some embodiments, the thermal treatment may
be performed in an inert atmosphere or an oxygen-contain-
ing atmosphere. The mert atmosphere may include a nitro-
gen or argon gas atmosphere. The oxygen-containing atmo-
sphere may include, e.g., an oxidizing atmosphere having an
oxygen content of about 20% or more.

[0119] In some embodiments, the preliminary cathode
active material may be dried before the thermal treatment.

[0120] In exemplary embodiments, the diving may be
performed at a temperature from 130° C. to 170° C. In the
above temperature range, substantially non-crystallized
lithium aluminum hydroxide may be formed. For example,
if the diving temperature 1s higher than 170° C., crystalli-
zation of lithium aluminum hydroxide may occur, and
umiformity of the coating may be decreased.

[0121] In exemplary embodiments, a boron-containing
compound may be added to the aqueous reaction solution to
which the lithium composite oxide 1s added. In this case, the
coating may contain boron. The boron component may
improve the uniformity of the coating and reduce the surface
area of particles.

[0122] In example embodiments, the boron-containing
compound may 1include boric acid (H,BO,), B(INO;); or
BPO,. The boron-containing compound may serve, e.g., as
a pH adjuster. The boron-containing compound may lower a
pH of the reaction aqueous solution to which the lithium
composite oxide 1s added to a range from about 7 to 13. In
this case, an aluminum-contaiming coating material and a
boron-containing coating material may be easily precipi-
tated and adsorbed on the surface of the lithium composite
oxide.

[0123] In some embodiments, the boron-containing com-
pound may be used 1n an amount from 0.01 wt % to 1 wt %
based on a weight of the preliminary cathode active material.
Within this range, electrical properties may be maintained
while uniformly coating the cathode active material.

[0124] In some embodiments, a particle size may be
adjusted by pulverizing and classifying the prepared cathode
active material.
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[0125] In some embodiments, the prepared cathode active
material may be stabilized by performing a second firing.
The second firing may be performed at a temperature from
about 600° C. to 800° C.

[0126] A cathode slurry may be prepared by mixing and
stirring the cathode active material in a solvent with a binder,
a conductive agent and/or a dispersive agent. The cathode
slurry may be coated on the cathode current collector 110,
and then dried and pressed to form the cathode 130.
[0127] The cathode current collector 110 may 1nclude
stainless-steel, mickel, aluminum, titanium, copper or an
alloy thereof. Preferably, aluminum or an alloy thereof may
be used.

[0128] The binder may include an organic based binder
such as a polyvinylidene {fluoride-hexatluoropropylene
copolymer (PVDF-co-HFP), polyvinylidenetluoride
(PVDF), polyacrylonitrile, polymethylmethacrylate, etc., or
an aqueous based binder such as styrene-butadiene rubber
(SBR) that may be used with a thickener such as carboxym-
cthyl cellulose (CMC).

[0129] For example, a PVDF-based binder may be used as

a cathode binder. In this case, an amount of the binder for
forming the cathode active material layer may be reduced,
and an amount of the cathode active material may be
relatively increased. Thus, capacity and power of the lithium
secondary battery may be further improved.

[0130] The conductive agent may be added to facilitate
clectron mobility between active material particles. For
example, the conductive agent may include a carbon-based
material such as graphite, carbon black, graphene, carbon
nanotube, etc., and/or a metal-based material such as tin, tin
oxide, titanium oxide, a perovskite material such as LaSr-
CoO; or LasrMnO,, etc.

[0131] In exemplary embodiments, the anode 140 may
include an anode current collector 120 and an anode active
material layer 125 formed by coating an anode active
material on the anode current collector 120.

[0132] The anode active material may include a material
commonly used in the related art which may be capable of
adsorbing and ejecting lithtum 1ons. For example, a carbon-
based material such as a crystalline carbon, an amorphous
carbon, a carbon complex or a carbon fiber, a lithium alloy,
silicon (S1)-based compound, tin, etc., may be used.
[0133] The amorphous carbon may include a hard carbon,
cokes, a mesocarbon microbead (MCMB) fired at a tem-
perature of 1500° C. or less, a mesophase pitch-based carbon
fiber (MPCF), etc. The crystalline carbon may include a
graphite-based material such as natural graphite, graphitized
cokes, graphitized MCMB, graphitized MPCEF, etc. The
lithium alloy may further include aluminum, zinc, bismuth,
cadmium, antimony, silicon, lead, tin, galllum, indium, etc.
[0134] The anode current collector 120 may include, e.g.,
gold, stainless steel, nickel, aluminum, titanium, copper or
an alloy thereol, preferably may include copper or a copper
alloy.

[0135] In some embodiments, a slurry may be prepared by
mixing and stirring the anode active matenial with a binder,
a conductive agent and/or a dispersive agent in a solvent.
The slurry may be coated on the anode current collector 120,
and then dried and pressed to form the anode 140.

[0136] The binder and the conductive agent substantially
the same as or similar to those mentioned above may also be
used 1n the anode. In some embodiments, the binder for
forming the anode may include, e.g., an aqueous binder such
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as styrene-butadiene rubber (SBR) for compatibility with the
carbon-based active material, and may be used together with
a thickener such as carboxy methyl cellulose (CMC).
[0137] The separation layer 150 may be interposed
between the cathode 130 and the anode 140. The separation
layer 150 may include a porous polymer film prepared from,
¢.g., a polyolefin-based polymer such as an ethylene
homopolymer, a propylene homopolymer, an ethylene/
butene copolymer, an ethylene/hexene copolymer, an ethyl-
ene/methacrylate copolymer, or the like. The separation
layer 150 may also include a non-woven fabric formed from
a glass fiber with a high melting point, a polyethylene
terephthalate fiber, or the like.

[0138] In some embodiments, an area and/or a volume of
the anode 140 (e.g., a contact area with the separation layer
150) may be greater than that of the cathode 130. Thus,
lithium 10ons generated from the cathode 130 may be easily
transierred to the anode 140 without a loss by, e.g., precipi-
tation or sedimentation. Thus, improvement of power and
stability may be efliciently realized through a combination
with the above-described composite hydroxide particle or
the cathode active material.

[0139] In exemplary embodiments, an electrode cell may
be defined by the cathode 130, the anode 130 and the
separation layer 150, and a plurality of the electrode cells
may be stacked to form an electrode assembly that may have
¢.g., a jelly roll shape. For example, the electrode assembly
may be formed by winding, laminating or folding the
separation layer 150.

[0140] The electrode assembly may be accommodated
together with an electrolyte in an outer case 160 to define a
lithium secondary battery. In exemplary embodiments, a
non-aqueous electrolyte may be used as the electrolyte.
[0141] For example, the non-aqueous electrolyte solution
may include a lithrum salt and an organic solvent. The
lithium salt commonly used 1n the electrolyte for the lithium
secondary battery may be used, and may be represented by
L17X™. An anion of the lithium salt X~ may include, e.g., F~,
ClI™, Br, I, NO,~, N(CN),~, BF,”, ClO,~, PF.~, (CF;)
PF,—, (CF),PE;7, (CFy),PES7, (CFL)sPE™, (CE;)P
CF;SO,CF,CF,S0,;™, (CF;S0,),N™, (FSO,),N-, CF,CF,
(CF;),CO™, (CF;S0,),CH™, (SF.),C™, (CF;S0,),C™, CF,
(CF,),S0O,;~, CF,CO,”, CH,CO,~, SCN~, (CF,CF,SO,)
>N, eftc.

[0142] The organic solvent may include, e.g., propylene
carbonate (PC), ethylene carbonate (EC), diethyl carbonate
(DEC), dimethyl carbonate (DMC), ethylmethyl carbonate
(EMC), methylpropyl carbonate, dipropyl carbonate, dim-
cthyl sulfoxide, acetonitrile, dimethoxy ethane, diethoxy
cthane, vinylene carbonate, sulfolane, gamma-butyrolac-
tone, propylene sulfite, tetrahydroturan, etc. These may be
used alone or in a combination thereof.

[0143] Flectrode tabs may protrude from the cathode
current collector 110 and the anode electrode current col-
lector 120 included 1n each electrode cell to one side of the
outer case 170. The electrode tabs may be welded together
with the one side of the outer case 170 to form an electrode

lead extending or exposed to an outside of the outer case
160.

[0144] The lithium secondary battery may be manufac-
tured 1n, e.g., a cylindrical shape using a can, a square shape,
a pouch shape or a coin shape.

[0145] Herematter, pretferred embodiments are proposed
to more concretely describe the present invention. However,
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the following examples are only given for illustrating the
present mvention and those skilled in the related art wall
obviously understand that various alterations and modifica-
tions are possible within the scope and spirit of the present
invention. Such alterations and modifications are duly
included 1n the appended claims.

EXAMPLE

[0146] NaAlO, was dissolved in water. 100 g of a lithium
composite oxide (L1, ,,Ni1, sCo, ;Mn, ;O,) was added to the
NaAlO, solution, and an aqueous H,BO, solution was
dropped for 10 minutes while stirring, and then filtered. A
content of NaAlO, was 0.9 wt % relative to a weight of the
lithium composite oxide, and the content of H;BO, was 1.7
wt % relative to the weight of the lithium composite oxide.

[0147] The filtered lithium composite oxide was dried at
150° C. for 24 hours. The dried lithium composite oxide was
introduced nto a kiln, and the temperature was raised to
300° C. at 2° C./min and maintained for 10 hours. Oxygen
was continuously introduced 1nto the kiln at a flow rate of 10
ml./min. The fired lithium composite oxide was pulverized
and classified to obtain a cathode active material.

Comparative Example 1

[0148] A cathode active material was prepared by the
same method as that in Example 1 except that 100 g of the
complex oxide (L1, 5,Ni1,:Coq ano O,) was added to
ultrapure water (DIW) without using NaAlO, and H,BO;,
stirred for 10 minutes, and then filtered.

Comparative Example 2

[0149] A cathode active material was prepared by the

same method as that in Example 1 except that AI(NO), was
used instead of NaAlO,.

Experimental Example 1: Surface Analysis

[0150] A surface of the cathode active material of

Example was analyzed by SEM to obtain an 1image as shown
in FIG. 2.

[0151] Referring to FIG. 2, a uniform coating entirely
covering the surface of the lithium composite oxide particle
was achieved.

Experimental Example 2: ICP Etching Analysis

[0152] 0.05 g of the cathode active material of Example
and Comparative _Jxamples were put 1n a 15 mL PP tube,
and then 10 ml of a 20% water solution (80% anhydrous

cthanol) was added and mixed by shaking.

[0153] Na component was eluted through a roller mixer
(STUART, SRT9D) for 5 minutes, and then a solid content
was removed using 0.45 um PTFE Syringe filter.

[0154] While changing the elution time to 10 minutes, 15
minutes, 20 minutes, 25 minutes and 30 minutes, the Na
component was eluted to prepare six elution solutions. The
clution solutions were heated in a heating block (SCP
Science, Di1giPREP Jr) to volatilize ethanol and water com-
ponents.

[0155] About 10 drops of concentrated nitric acid was
added to the dried sample, dissolved by heating, and then
diluted to 10 ml with ultrapure water to prepare a diluted
sample.
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[0156] The diluted sample was analyzed using ICP-OES
(Agilent Technologies, ICP-OES 720) equipment to mea-
sure Na content. The results are shown 1n Table 1 below.

TABLE 1
Comparative Comparative
Time (min) Example 1 Example 1 Example 2
5 301.8 90.5 43.8
10 346.7 95.7 45.9
15 373.2 98.4 48.2
20 3R88.1 100.6 50.0
25 3984 102.6 51.8
30 400.5 102.7 52.4

[0157] The data 1n Table 1 1s shown 1n FIG. 3. Referring
to Table 1 and FIG. 3, in the cathode active materials of
Comparative Examples, Na components were concentrated
on the surface and most (about 85% or more) of the Na
components were eluted by the elution for 5 minutes.
[0158] However, 1n the cathode active material of
Example, an amount of Na elution gradually increased
according to the elution time, and Na was diffused to an
inside of the cathode active material particle.

Experimental Example 3: X-Ray Photoelectron
Spectrometer (XPS) Surface Analysis

[0159] The surface components of the cathode active
materials of Example and Comparative Example 2 were
analyzed through ESCALAB 250X1 manufactured by Ther-
moScientific Co., Ltd.

[0160] XPS measurement conditions were adjusted as
follows.

[0161] 1) X-ray type: Source—Al Ka, Beam size 650 um
[0162] 2) Depth profile conditions: Etch cycle 10 s, Total

etch levels 51 times
[0163] 3) Al2p, Nals spectrum analysis conditions at
depth

[0164] Dwell time: 200 ms, Scan count. 30 times

[0165] Pass energy: 200 eV, energy step: 0.1 eV
[0166] Atomic percents of Na and Al according to the XPS
etching depth (surface: O nm) are shown 1n the graphs of
FIGS. 4 and 5.

[0167] Referring to FIGS. 4 and 5, in the cathode active
material of Comparative Example 2, Na was distributed to
a depth of about 33 nm from the surface, and Al was
distributed to a depth of about 37 m.

[0168] In the cathode active maternial of Example, Na was
diffused/distributed even at a depth greater than about 33

nm, and Al was diffused/distributed to a depth greater than
about 37 nm.

Experimental Example 4: Life-Span Evaluation of
Lithium Secondary Battery

[0169] 1. Preparation of Lithium Secondary Battery

[0170] Coin-type secondary batteries were manufactured
using the cathode active materials of Example and Com-
parative Examples.

[0171] Specifically, the cathode active matenal, Denka
Black as a conductive agent, PVDF as a binder were mixed
in a weight ratio of 94:3:3 to prepare a cathode mixture. The
cathode mixture was coated on an aluminum current col-
lector, and then dried and pressed to form a cathode. An
clectrode density after the pressing was 3.5 g/cc or more.
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[0172] 93 wt % of natural graphite as an anode active
material, 5 wt % of KS6 as a tlake type conductive agent, 1
wt % of styrene-butadiene rubber (SBR) as a binder, and 1
wt % of carboxymethyl cellulose (CMC) as a thickener was
mixed to from an anode slurry. The anode slurry was coated
on a copper substrate, dried and pressed to prepare an anode.
[0173] The cathode and the anode obtained as described
above were notched with a proper size and stacked, and a
separator (polyethylene, thickness. 25 um) was interposed
between the cathode and the anode to form an electrode cell.
Each tab portion of the cathode and the anode was welded.
[0174] The welded cathode/separator/anode assembly was
inserted in a pouch, and three sides of the pouch except for
an electrolyte 1njection side were sealed. The tab portions
were also included 1n sealed portions. An electrolyte was
injected through the electrolyte imjection side, and then the
clectrolyte mjection side was also sealed. Subsequently, the
above structure was impregnated for more than 12 hours.
[0175] The electrolyte was prepared by dissolving 1M
LiPF, mn a mixed solvent of EC/EMC/DEC (25/45/30;
volume ratio), and then 1 wt % of vinylene carbonate, 0.5 wt
% of 1,3-propensultone (PRS), and 0.5 wt % of lithium
bis(oxalato) borate (L1iBOB) were added.

[0176] 2. Life-Span Evaluation

[0177] An imtial discharge capacity was measured by
performing charging (CC/CV 1C 4.3V 0.05C CUT-OFF)
and discharging (CC 1C 3V CUT-OFF) at room temperature
for the secondary batteries according to Example and Com-
parative Examples.

[0178] A capacity retention ratio was calculated by divid-
ing a discharge capacity according to the number of the
charging/discharging cycles by the 1initial discharge capacity
while repeating the charging/discharging. The result 1s
shown 1n FIG. 6.

[0179] Referring to FIG. 6, in the secondary battery of
Example, the capacity was maintained at about 90% or more
even aiter 100 cycles. However, 1n the secondary batteries of
Comparative Examples, the capacity decreased to about

712% or less after 100 cycles.
What 1s claimed 1s:

1. A cathode active material for a lithium secondary
battery, comprising:

a lithium composite oxide containing sodium; and

a coating formed on the surface of the lithium composite

oxide, the coating containing sodium and aluminum,
wherein sodium 1s distributed to a depth of 35 nm or more
from a surface of the cathode active matenal.

2. The cathode active material for a lithium secondary
battery according to claim 1, wherein an amount of sodium
contained 1n the coating 1s greater than an amount of sodium
contained 1n the lithium composite oxide.

3. The cathode active material for a lithium secondary
battery according to claim 1, wherein sodium 1s distributed
to a depth of 35 nm to 200 nm from the surface of the
cathode active material.

4. The cathode active material for a lithium secondary

battery according to claim 1, wherein the coating further
contains boron.

5. The cathode active material for a lithium secondary
battery according to claim 1, wherein the coating comprises
an aluminum-contaiming compound 1ncluding at least one of
an aluminum-containing oxide, an aluminum-containing
hydroxide or a lithium-aluminum compound.

Mar. 10, 2022

6. The cathode active material for a lithium secondary
battery according to claim 5, wherein the aluminum-con-
taining compound comprises at least one selected from the
group consisting of AlO, Al,O, Al,O,, L1AIO,, LiAlIB,,
L1AIB,O., AI{(OH),, L1AIH, and LiAIOH.

7. The cathode active matenial for a lithtum secondary
battery according to claim 5, wherein the coating further
comprises a boron-containing oxide.

8. The cathode active matenial for a lithtum secondary
battery according to claim 7, wherein the boron-containming

oxide includes 1.1BO,, LiB,O or L1,B,0-.

9. The cathode active maternial for a lithium secondary
battery according to claim 1, wherein the coating at least
partially covers the surface of the lithium composite oxide.

10. The cathode active material for a lithium secondary
battery according to claim 1, wherein the coating 1s discon-
tinuously formed on the surface of the lithium composite
oxide.

11. The cathode active material for a lithium secondary
battery according to claim 1, wherein the lithtum composite
oxide includes nickel, and a mole fraction of nickel in the
lithium composite oxide 1s 0.6 or more among eclements
other than lithium and oxygen.

12. The cathode active material for a lithium secondary
battery according to claim 1, wherein the lithium composite
oxide has an average particle diameter (D.,) from 3 um to
25 um.

13. The cathode active material for a lithium secondary
battery according to claim 1, wherein the cathode active
material includes aluminum, and aluminum is distributed to
a depth of 37 nm or more from the surface of the cathode
active material.

14. The cathode active material for a lithium secondary
battery according to claim 13, wherein aluminum 1s distrib-
uted to a depth of 37 nm to 200 nm from the surface of the
cathode active material.

15. A method of manufacturing a cathode active material
for a Iithtum secondary battery, comprising:

preparing an aqueous reaction solution containing a

sodium-aluminum compound; and

wet-coating a lithium composite oxide using the aqueous

reaction solution.

16. The method of claim 15, wherein the sodium-alumi-
num compound includes sodium-aluminum oxide or
sodium-aluminum hydroxide.

17. The method of claim 15, wheremn the wet-coating
COmprises:

forming a preliminary cathode active material by immers-

ing a surface of the lithum composite oxide 1n the
aqueous reaction solution; and

thermally treating the preliminary cathode active material.

18. The method of claam 17, wherein forming the pre-
liminary cathode active material comprises adding a boron-
containing compound to the aqueous reaction solution.

19. The method of claim 18, wherein the boron-contain-
ing compound includes boric acid.

20. The method of claim 17, wherein thermally treating
the preliminary cathode active material 1s performed at a
temperature from 250° C. to 700° C.

21. A lithtum secondary battery, comprising:

a cathode comprising the cathode active material for a

lithium secondary battery according to claim 1; and
an anode facing the cathode.
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